ABSTRACT A slot array antenna is proposed for both in-band and out-of-band radar cross section (RCS) reduction. The presented slot array antenna is covered by the superstrate consisting of a polarization rotation reflective surface (PRRS). Four different configurations of the PRRS supersrtate are proposed and their effects on radiation and scattering performances of the slot array antenna have been investigated. By optimizing the arrangement of the unit cells of the PRRS, a good RCS reduction in an ultra-wide frequency band from 7 to 40 GHz is achieved. Besides, the in-band RCS of the proposed antenna is reduced by 12.4 dB compared with that of the reference antenna. Moreover, the 10 dB impedance bandwidth of the proposed antenna is enhanced from 3.5% to 14.2% and the gain remains nearly the same. Good agreement between the simulations and experiments is obtained.
I. INTRODUCTION
In previous decades, stealth technology has been widely applied in low-observable platforms. Because antennas are the main scattering contributors in low-observable platforms, radar cross section (RCS) reduction of antenna has drawn more and more attention [1] , [2] . Many methods for antenna RCS reduction have been reported, such as using frequency selective surface (FSS) as the ground of the patch antennas [3] , [4] , loading electromagnetic band-gap (EBG) structure [5] and radar absorber material (RAM) [6] , [7] . However, these methods only work in a relatively narrow frequency band. A periodic resistive surface is proposed to reduce the out-of-band RCS of the slot array antenna in [8] . In [9] - [11] , the partially reflective surface (PRS) antennas are proposed for wideband RCS reduction. However, these methods need a high profile.
The polarization rotation reflective surface (PRRS) can be used for wideband RCS reduction by arranging the unit cells in a chessboard configuration [12] . In [13] , we have used the PRRS as the superstrate of a slot array antenna to reduce the out-of-band RCS. If the operation band of the PRRS covers that of the slot array antenna, the antenna gain will be significantly decreased. In order to achieve the RCS reduction in a wide band covering the operation band of the slot array antenna, we have investigated how the PRRS influences the radiation and scattering performances of the slot array antenna and proposed a slot array antenna with a specially arranged superstrate. This paper is organized as follows. Section II describes the topological structure of the proposed slot array antenna and the PRRS used as the superstrate. In Section III, the impacts of different configurations of PRRS on radiation and scattering performances of the slot array antenna are discussed. Then, the comparison between the proposed antenna and reference antenna is presented in Section IV. Finally, the paper is concluded in Section V.
II. DESCRIPTION OF THE PROPOSED SLOT ARRAY ANTENNA
The proposed low-RCS slot array antenna is shown in Fig. 1(a) . The antenna consists of a 4 × 4 slot array, which is backed by a metallic ground and covered by a superstrate of PRRS. The length of the slot ls is 10 mm and the distances between the adjacent slots in x-and y-directions are both 12 mm. The relative permittivities of the substrate and superstrate are 2.65 and 2.2 respectively. Fig. 1(b) shows the geometry of the reference slot array antenna resonating at 8.42GHz. It has the same parameters as those of the proposed antenna except for the superstrate. The reference antenna is covered by a dielectric superstrate with a thickness of 2 mm rather than a PRRS structure. The reason why we cover the reference antenna by a dielectric superstrate is to make the transverse dimensions of the two antennas the same. If the reference antenna is not covered by the dielectric superstrate, the transverse dimension of the reference antenna will be larger than that of the proposed antenna when they work at the same frequency. Thus, the comparison of RCS between them will be not fair.
The unit cell of the PRRS used in the proposed antenna is shown in Fig. 2(a) . It consists of two layers of patterned metallic patches and a ground. As shown in Fig. 2(b) , the working bandwidth of this PRRS is from 7.8 GHz to 34.7 GHz, in which its cross-polarization reflection coefficient is higher than 0.96. The specific parameters and analysis of the PRRS are given in our previous paper [14] in detail.
The proposed configuration of the PRRS used as the superstrate is given in Fig. 3 . The unit cells of the PRRS are arranged in four triangle areas with orthogonal directions. When the PRRS is used as the supersrtate, the metallic ground is removed and the slot array antenna works as the ground of the PRRS.
III. DISCUSSION OF THE IMPACT OF THE PRRS ON RADIATION AND SCATTERING PERFORMANCES OF THE SLOT ARRAY ANTENNA
In order to investigate how the configurations of the PRRS influence the radiation and scattering performances of the slot array antenna, we have designed four different configurations of the PRRS which are shown in Fig. 4 . The principle of RCS reduction using PRRS is given in Fig. 5 . E i and E r represent the electric field intensity of the incident and scattered waves respectively. When the unit cells of the PRRS are arranged in the same direction, the magnitude of E r is equal to that of E i , as shown in Fig. 5(a) . When the incident wave is x-/y-polarized, the co-polarization RCS can be reduced while the total RCS remains the same. However, when the unit cells of the PRRS are arranged in orthogonal directions as shown in Fig. 5(b) , the electromagnetic (EM) waves reflected from different parts will be cancelled with each other and both the co-polarization RCS and total RCS reduction can be obtained.
The co-polarization RCS of the slot array antenna covered by the four different configurations of PRRS is shown in Fig. 6 . It can be seen that the smaller the period of the PRRS is, the less RCS reduction is obtained in low frequency range. When the period of the PRRS arranged in the same direction is two (Conf. 3), the RCS reduction is less than 2dB in the frequency range from 7GHz to 10 GHz. So in order to obtain a good RCS reduction in the operation frequency band of the slot array antenna, the period of the PRRS should be at least four. The |S 11 | and gain of the slot array antenna covered by the four different PRRS supersrtates are shown in Fig. 7 . It can be seen from Fig. 7(a) that all the configurations of the PRRS can enhance the impedance bandwidth of the slot array antenna. That's because the PRRS is generated by the slot and one more resonant frequency appears.
However, the gain of the antenna is significantly affected by the superstrate, as shown in Fig. 7(b) . It can be seen that the gain of the antenna covered by Conf.1 is higher than that of the reference antenna. It is worth noting that the antenna covered by Conf.1 is circularly polarized (CP) and its axial ratio (AR) is less than 3dB at 8.42GHz. When the PRRS is generated by the x-polarized incident wave, the surface current distribution on the unit cell of the PRRS at 8.42 GHz VOLUME 6, 2018 is shown in Fig.8 . It can be seen that there are two orthogonal surface currents with equal magnitude when the PRRS is generated by x-polarized EM field, which will generate two orthogonal electronic fields with equal magnitude. When the phase difference between the two orthogonal electronic fields is 90 degree, a CP EM wave is generated.
When the PRRS arranged like Conf.2, the left-handed and right-handed CP waves radiated from the four different parts will be canceled with each other. As a result, the antenna gain of the antenna covered by Conf.2 is significantly reduced by 2.41dB compared with that of the antenna covered by Conf.1. It can be referred from Fig.4 that the PRRS can't work at 8.42GHz when the period is two since the RCS of the antenna covered by Conf.3 is not reduced. So there are no CP waves generated and as a result the gain will not be decreased. For the case of proposed configuration of PRRS, the x-polarized EM field radiated from the slot is along the diagonal direction of the unit cells of the PRRS. In such a situation, only x-polarized electronic field can be generated. As a result, the gain of the antenna will not be significantly reduced.
The comparison of the radiation and scattering performances between the reference antenna and the slot array antenna covered by different configurations of PRRS at 8.42GHz is given in Table 1 . It can be seen that both the antenna covered by Conf.1 and proposed antenna have good radiation performance and in-band co-polarization RCS reduction. However, the structure of Conf.1 can only reduce co-polarization RCS under x-/y-polarized incident waves while the proposed structure can reduce both the co-polarization and total RCS of the antenna under arbitrary polarized incident waves. Furthermore, the superstrate arranged as Conf.1 converts the linearly polarized (LP) EM waves to CP EM waves, which is undesirable. The gain of the antenna covered by Conf.2 is significantly reduced and the in-band RCS of Conf.3 is only reduced by 0.55dB. So the proposed structure of the PRRS is selected as the final solution balancing the radiation and scattering performances of the slot array antenna.
The monostatic RCS under oblique incident waves and the bistatic RCS of the proposed antenna at 8.42 GHz have also been investigated. The comparison of the monostatic RCS between the reference antenna and proposed antenna is shown in Fig. 9 . It can be seen that the monostatic RCS is reduced in the angle range of ±15 degree for both x-and y-polarized incident waves. Regardless of the dielectric loss, the PRRS is lossless and the scattered energy has not been reduced. So in order to investigate the energy distribution of the scattered energy, the comparison of the bistatic RCS at 8.42GHz between the reference antenna and the proposed antenna is given in Fig. 10 . It can be seen through the comparison that the main lobe of scattered pattern is significantly reduced and two side lobe arise in x direction, which indicates that the energy is scattered to the non-threatening directions.
IV. EXPERIMENTAL RESULTS
The reference and proposed antennas are fabricated and measured to validate the simulated results. The photograph of the reference and proposed antennas are shown in Fig. 11 . The S-parameters of the fabricated antennas are measured using the vector network analyzer Agilent N5230C, and the radiation and scattering performances are measured in the microwave anechoic chamber.
The simulated and measured |S 11 | is shown in Fig. 12 . It can be seen that the measured |S 11 | of proposed antenna shifts to the higher frequency. It is caused by the installation error and the air gap between the superstrate and the slot array antenna. Fig.13 shows the radiation patterns in xoz-and yoz-planes. The measured gain of the proposed antenna is 0.3dB lower than the simulated results. It may be caused by the SMA connector and the dielectric loss.
The simulated and measured RCS of the reference and proposed antennas for the normally impinging plane waves is given in Fig. 14 . Due to the restrictions of the test conditions, the RCS are not measured in the frequency range higher than 18 GHz. It can be seen that the RCS is significantly reduced from 7GHz to 40GHz and a reasonable agreement between the simulated and measured results is obtained, which indicates the good scattering performance of the proposed antenna.
V. CONCLUSION
In this paper, a slot array antenna with wideband RCS reduction covering its operation band has been proposed. The effects of different configurations of the PRRS superstrate on the radiation and scattering performances of the slot array antenna have been investigated. By optimizing the configuration of the PRRS, a good RCS reduction and a reasonable gain are obtained. The results show that the proposed antenna has a good RCS reduction from 7GHz to 40GHz while the in-band RCS is reduced as much as 12.4dB. The designed prototype is fabricated and measured. Good agreement is obtained between the simulations and the experiments, which shows that the proposed antenna has a promising low-RCS performance.
